ABSTRACT
INTRODUCTION
With technological developments and the constant demand for energy, the exploitation of offshore oil and gas has been extended into ice regions. In open waters, only conventional marine environmental loads (winds, waves and currents) have been considered in offshore oil and gas exploitation and structural design. In ice regions, however, both for marine engineering structure design and resource drilling, development must confront the problems caused by sea ice.
In most ice regions, the threats to marine resources development from sea ice are much larger than those for waves and winds. Throughout history, accidents have occurred due to sea ice. In the 1980s, lighthouses in the Gulf of Bothnia experienced ice-induced vibrations, and one collapsed [1] . Over the same period, Molikpaq's foundation, a sand base caisson structure in the Beaufort Sea, was liquefied due to iceinduced vibrations [2] . In 1969, a Bohai oil platform collapsed due to a severe sea ice disaster.
In the late 1980s, significant ice-induced vibrations affected more than a dozen platforms in the Bohai Sea's Liaodong Bay and imposed large security risks on oil and gas exploitation during the winter. During the winter of 2000, ice-induced vibrations caused pipeline fatigue fracturing and loosened a flange on the JZ20-2MSW platform. Continuous ice-induced vibrations on the JZ20-2MUQ and JZ9-3 platforms also reduced the comfort and work efficiencies of the operators and even led to serious harm to their physical and mental health. In such cases, sea ice management is needed as an important means to ensure the operational security of oil and gas platforms in winter.
International sea ice management is a comprehensive system that contains a variety of means and technologies. Sea ice monitoring, risk warning, emergency measures and other means are primarily used to analyze and evaluate the threats caused by sea ice and ensure production safety. For the establishment and improvement of sea ice management systems in different environment, international scholars have done a lot of work on the research of sea ice management. Joakim Haugen et al. [3] describe a framework of an ice observer system for aiding decisions regarding risk assessment of the ice environment, and present Unmanned Aerial Vehicles (UAVs) as a viable sensor platform for dynamic positioning systems. Risto Haimelin et al. [4] discusse the risks in ice management operations caused by uncertainties arising in the light of novel risk perspectives, and define an ice management system. Charles C. Ryerson [5] provides a review of ice protection strategies for functional platform areas and suggests a framework for assessing the relative threat of ice accumulation types.
The mainstream international methods for ice management are listed in Table 1 . In the Barents Sea, Russian scientists have recorded large amounts of iceberg data using observation aircraft and ice breaking ships since the 1930s [6] . The data can be used to show the direction, size and distribution of icebergs in the area. The typical sea ice detection methods are shown in Fig. 1 .
Tab. 1. Main ice management methods
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Fig. 1. Typical sea ice detection methods used throughout the world
In the Beaufort Sea, a set of sea ice management systems was established from 1983 to 1993 to mitigate the influence of sea ice on oil and gas exploration and included ice monitoring, ice early warning, ice alarm and icebreaker command systems [7] . The monitoring system was primarily used to monitor the movement and melting of sea ice, the early warning system classified the sea ice threat into different degrees to provide targeted emergency measures, and the command system commanded and dispatched icebreakers to protect the drilling facilities to reduce the threat of sea ice to the project.
As sea ice in different regions demonstrate the characteristics of their respective. Benefit from the monitoring data, the principle, risk prediction and emergency measure of sea ice management have made progress. Andrew R. Mahoney et al. [8] suggest that the differences in the timing of the annual landfast ice cycle are largely through analysis of over 2500 synthetic aperture radar (SAR) scenes spanning the period 1996-2008 in the Chukchi and Beaufort Seas. Kenneth Eik et al. [9, 10] present methodologies for both systematic evaluation of the need for the iceberg management system and structural reliability based on the experiences from the Canadian iceberg detection studies. By tracking of 9 icebergs and 10 ice floes in the Kanumas area of the Greenland Sea during 2012-2014, Renat Yulmetov et al. [11] proposes an iceberg drift model including the rotation. Robert S. Pritchard et al. [12] present a blended mechanistic-statistical ice motion model for shortterm forecasts by virtue of an investigation of coherent ice drift features associated with individual ice beacons during winter 2008. J.V. Lukovich et al. [13] has provided an ice drift case study analysis relevant to, and template for, highresolution sea ice dynamic modeling studies essential for safety and hazard assessments of transportation routes and shipping lanes, ice forecasting, and nutrient and contaminant transport by sea ice in the Arctic.
For the icebergs threat of oil exploitation on the eastern coast of Canada, McClintock [14] proposed a complete set of technologies for iceberg detection and tracking. Rudkin [15] also proposed a complex set of methods for evaluating the effectiveness of dragging an iceberg.
In the Bohai Sea, which is a typical marginal oil field, most of the offshore oil and gas platforms are economical platforms set in a seasonally frozen region for cost savings, which is unique, uncertain and carries great risk; there is no global precedent for this. Due to the large quantity and difference in ages and structural forms, each platform in Bohai has its own characteristics and anti-ice capacity. To date, existing technologies are mainly aimed at the observation and forecasting of sea ice features and cannot meet the risk warning accuracy and timeliness requirements of oil and gas platforms. In the field of international engineering development in cold regions, there are no monitoring and safety management systems for oil and gas exploitation. It is therefore necessary to build a risk prediction and emergency system for the Bohai Sea in winter.
OIL AND GAS EXPLOITATION AND SEA ICE MANAGEMENT IN BOHAI
China began oil exploration and development in Bohai in the 1960s, and more than one hundred offshore platforms have been built there. Because the water depths generally range from 10-30 m and due to the nature of marginal offshore oilfield exploitation, most of the platforms are jacket platforms. Bohai lies between 37 degrees and 41 degrees north latitude. As a seasonally frozen region, it generally begins to freeze in December and melts during the following March. The glacial period lasts for approximately 2-3 months, and the longest period can be 4 months or more. The maximum volume of ice can be up to 60-70 km3. The threats caused by sea ice greatly influence oil and gas drilling, exploitation and transportation in Bohai. Historically, sea ice has caused many accidents on platforms and spawned great economic losses. Ice has become the most threatening factor for the oil platforms in Bohai Bay when compared with wind, ocean waves, currents, tides, and earthquakes.
Because the general design life of a jacket platform is 15-20 years, most of the platforms in Bohai are currently close to the end of their service lives. Although maintenance costs are high, the owners still want to extend the service life of the platforms on the oil-reservoir waters due to economics. In addition, at the time these platforms were designed, the research on sea ice was limited; the ice loads were not clearly understood, and the ice-resistant capabilities of these platforms are therefore poor. Fig. 2 shows a typical jacket platform in Bohai Bay. Early field monitoring of an individual platform found severe iceinduced vibrations in Bohai [16] . Through long-term and continuous monitoring, it was concluded that the structures of the jacket platforms in Bohai are slender in comparison to deep-sea wave-resistant structures and that ice-induced vibrations can cause node fatigue failure of structures, the functional failure of facilities and influence workers' health [17] . The vibration problems of platforms caused by dynamic ice forces are far greater than the overall safety risks under extreme loads.
Fig. 2. Typical jacket platform in Bohai Bay
Yue et al. researched sea ice disasters involving oil and gas platforms in Bohai since the late 1980s. In the preliminary research stage, the monitoring of ice-induced vibrations lacked direction due to a vague understanding of the associated problems. Most ice load research studied the interactions between sea ice and platform structures. Ice force was measured on the jacket platform using a pressure box. In addition, there was an undefined understanding of sea ice management. Because the interaction between sea ice and platform structure is especially influenced by environmental conditions, as the research continued, targeted environment parameters, including winds, waves, currents and temperature, were monitored. A preliminary real-time sea ice monitoring system was then built based on the integrated application of meteorological observation stations, wireless network equipment, radars, cameras, current meters and other means.
A complete sea ice management system has been established based on years of field monitoring and research. Ice resistant platform security has been gradually developed, and structure analyses and an evaluation system have been introduced.
BOHAI OIL AND GAS PLATFORM SEA ICE MANAGEMENT TECHNOLOGY
Based on research on theories of how sea ice disasters develop and the failure modes of ice-induced vibrations, ice vibration risk levels and early warning standards have been advanced, and a real-time safety evaluation system for oil and gas platforms has been established. For the purpose of developing risk warnings for oil and gas exploitation in the Bohai Sea in winter, a set of monitoring systems has been developed that realizes a synchronous, real-time remote approach to monitoring using wireless transmission technology and creates an Internet database. Finally, risk prediction and emergency technologies were developed, and a Monitoring -Evaluation -Early warning -Emergency measure management mode was built based on the environmental characteristics of Bohai. The management consists of the following parts.
(1) Structural risk monitoring technology Sea ice field monitoring is the primary purpose of the safety system in winter. Information on sea ice, platform structure and upper pipeline system is obtained using the monitoring technology to provide a basis for safety evaluations of the platform systems. On the other hand, the monitoring data will form the basis of sea ice prediction and risk warnings.
(2) Structure risk evaluation technology For the threats that ice-resistant platforms face in cold regions, the ice-induced vibration failure modes and discrimination indexes of the ice-resistant jacket platforms are determined by mechanical analyses to evaluate the security of the platforms in real time and effectively take emergency measures.
Early warning standards and emergency measures
Because accurate sea ice predictions are critical to ensure production safety in winter, a method that combines numerical and statistical predictions has been presented to forecast the generation, disappearance and movement of sea ice. Based on the sea ice predictions, the ice forces and iceinduced vibrations are obtained by further analyses. In this manner, the safety level of a platform system can be predicted over the next 24 or 48 hours.
The above three parts are complementary and together compose the security system.
SEA ICE MONITORING TECHNOLOGY
Utilizing advanced sensors and data acquisition equipment, sea ice monitoring systems can monitor the risk factors of platforms without interruption, which enables monitoring at any time. In addition, with the aid of computer systems, monitoring data can be processed and analyzed.
Using the MUQ JZ20-2 platform as an example (see Fig. 3 ), sea ice field monitoring systems for oil and gas platforms in Bohai should include all information that can indicate failures and include three monitoring systems: sea ice, environmental and structural response. Sea ice monitoring data are the requisite information for evaluating platform security and include thickness, velocity, distribution, and ice type. A video sensor is used to monitor the sea ice in the sea area of the platform, and the software shown in Fig. 4 is used to analyze ice thickness, velocity and concentration. The monitoring of sea ice environmental factors is mainly accomplished by monitoring meteorology and hydrology. A weather station is used to record wind velocity, water temperature and other meteorological parameters. The structural vibration response monitoring is divided into two parts: platform vibration monitoring and sea ice force monitoring. Acceleration was selected as the measurement parameter for structural vibration, and an acceleration sensor is used to record the platform vibrations. In addition, a pressure box is used to measure the sea ice force acting on the structure. As a marginal field, the oil fields in Bohai are scattered. Because the marine environments differ, the monitoring content in different areas differs. To conveniently manage the monitoring data on the platforms, a multi-information synchronization measurement system was established. This system applies wireless transmission technology to achieve the real-time control, monitoring and collection of the data from each platform. A typical measurement system is shown in Fig. 5 .
Fig. 5. Ice detection and ice-induced vibration measurement system
In the Bohai, the system uses the MUQ JZ20-2 platform (center platform) as the relay node, which is connected to the Internet via satellite. The controlling terminal on land communicates with the field monitoring network through the Internet, so that the field monitoring data can be transmitted to the controlling terminal's server on land over the network, and the land controlling terminal can also access the data in real-time. Using this system, the field monitoring data will be automatically transferred to the control center's server on land, and experts can offer rational suggestions by inspecting the measured data. As shown in Fig. 6 , the operations at each center are interactive so that the monitoring of the risk factors can be synchronous, real-time and remotely accomplished. 
SEA ICE RISK ANALYSIS AND EVALUATION TECHNOLOGY
The sea ice risk safety evaluation system for oil and gas platforms in Bohai is based on the field monitoring data. This system defines the failure modes and quantitative failure indicators of the platforms under sea ice loads, analyzes quantitatively the failure of the ice resistant platforms by numerical simulation, and establishes the different degrees of warning standards for different ice-resistant platforms. As shown in Fig. 7 , based on the above methods, risk classification and assignment of the corresponding risk grades for the Bohai platforms are conducted.
Fig. 7. Platform risk safety evaluation system
The main risk evaluation criteria for ice-resistant offshore jacket platforms should involve the following three parts： (1) Structural safety evaluation. Include structural damage caused by exceeding the limits of deformation or strength under extreme ice forces and structural fatigue caused by dynamic ice loads.
(2) Personnel comfort evaluation. Deck vibrations caused by dynamic ice forces cause operators to feel unwell, which leads to inefficiencies when working and even damage to health.
(3) Platform facility evaluation. Under the action of dynamic ice forces, strong continuous platform vibrations cause pipeline fractures and flanges to loosen, which affects facility operations.
The above risk evaluations and corresponding criteria are shown in Table 2 . According to the above risk evaluations and corresponding criteria, the contents of each failure type specifically related to the risk are divided as follows.
Tab. 2 Evaluation criteria of platform risks in cold regions
(1) Structural security hazard The Jz20-2 offshore platform, which is composed by 3 platforms (Jz20-2MUQ, Jz20-2MSW and Jz20-2NW), is used as an example. The frequencies, ultimate displacements and limiting accelerations of the platforms are listed in For each platform, the security of the structure can be judged by comparing the displacements or accelerations of the platform with the limiting values to avoid damaging effects from sudden sea ice disasters. Considering the complex characteristics of the sea ice and platform structures in Bohai, Yue Q.J. [18] proposed a fatigue analysis process based on research on the ice-induced fatigue problem (as shown in Fig. 8 ). On that basis, Zhang D.Y. [19] put forward a method for estimating ice-induced fatigue life based on field monitoring data to evaluate fatigue damage to platforms, employing the method in combination with numerical analysis. The influence of vibrations on the human body is mainly related to vibrational frequency, the root mean square value of acceleration, duration and direction. Because the vibration frequencies of offshore platforms are mainly focused at 1 Hz and are horizontal, referring to the Chinese national standard (GB/T 13442-92) of the regulation on the less than 2 Hz vibration index, the relationship between the root mean square value and exposure time becomes clarified, and the standard has been defined at three levels: comfort reduction, work efficiency reduction and exposure limit (as shown in Table 4 (I-comfort reduction, II-reduction in work efficiency, III-exposure limit) (3) Impact on platform facilities Under strong ice-induced vibrations, fractures and loosening are much more likely to occur on platform pipelines and flanges. Based on years of deck and pipeline vibration monitoring and research on Bohai oil and gas platforms, it can be considered that the root mean square value of the deck acceleration is the main parameter to judge the vibrational circumstances of pipelines and flanges. The failures can be divided into three cases: minor damage, flange loosening and pipeline fractures, as shown in Table 5 . Evaluations and analyses of vibration conditions are then based on actual measurement data, and real-time warnings therefore can be implemented. 
RISE PREDICTION AND EMERGENCY MEASURES
The accurate prediction of sea ice conditions and risk warnings for oil and gas exploitation are necessary for safe production on oil platforms in Bohai. Using the method of combined numerical and statistical forecasting, a risk warning model for oil and gas exploitation in Bohai has been developed, as shown in Fig. 9 . Based on the weather and hydrological predictions and initial ice conditions, sea ice is predicted, ice forces and the ice-induced vibrational responses of different platforms are further analyzed, the safety grade of the platform system is predicted over the next 24 or 48 hours and timely emergency measures are taken. (1) Sea ice prediction Sea ice prediction is among the key factors for predicting ice loads and platform vibrational responses. Numerical prediction models are usually used when making predictions based on sea ice and monitoring meteorological and hydrological data. Ji S.Y. [20] established a visco-elasticplastic constitutive model for sea ice dynamics and developed a numerical method that combines Euler and Lagrange coordinates to improve numerical prediction accuracy. The numerical prediction model transforms satellite images into binary images to determine sea ice edge lines and ice concentrations. Comparing a gray image with monitoring data ensures the relationship between ice thickness and gray value. Finally, the initial sea ice distribution data are obtained. Referencing the meteorological and hydrological changes in the last 24 hours, such as shown in Fig. 10 , the thickness and density of the sea ice are predicted. Initial ice thickness and initial ice intensity distributions are shown in Figures 10 (a) and (b), and ice thickness and ice intensity distributions after 24 hours are shown in Figures 10 (c) and (d) .
Through numerical simulation, sea ice conditions can be obtained directly. However, the numerical simulation accuracies can be influenced by many factors, including the initial sea ice field, calculation parameters, thermodynamic factors, and computing mode. Especially in the extreme and changing climate, the numerical prediction method may encounter great difficulties when considering the conversion processes of sea ice types. The statistical prediction of sea ice elements is an empirical prediction method whereby the regularity of the motion and evolution of sea ice in areas near oil platforms, including weather conditions, sea ice types, and hydrological conditions, are summarized. Based on the monitoring data, the following conclusions are drawn.
(i) Meteorological conditions
The influence of wind on ice conditions should be considered when north winds reach magnitudes exceeding 5.
Ice conditions would be reduced by south winds, and the influence on ice conditions would not be considered when the wind is southerly.
For temperatures below -6, ice conditions generally worsen.
(ii) Sea ice type The platforms have been less affected by broken sea ice but have been significant impacted by whole pieces of sea ice.
The influence on the platforms should be considered for nilas ice, pancake ice, gray ice or gray-white sea ice types and for thicknesses exceeding 10-12 cm.
(iii) Hydrological Conditions
In general, the danger caused by sea ice usually occurs during periods of ebb tides and when the velocity exceeds 40 cm/s.
Other dangerous moments are at 18:00-23:00 and 0:00-4:00, at high tide.
Ice-induced vibrations do not occur when sea waves are above moderate.
(2) Ice-induced vibration response prediction
The prediction of ice-induced structure vibrations is based on a method that combines dynamic calculations and statistical analysis. The intensities of ice-induced vibrations on platform are decided by three factors (ice velocity, ice thickness and ice breaking strength). Because the breaking strength of ice varies little within a sea area, ice condition can be described by ice velocity and thickness. Although the ice velocity and the ice thickness distributions are unrelated stochastic processes, ice condition can be described by a combination of ice velocity and ice thickness. The acceleration response of a deck under different ice conditions (shown in Fig. 12 ) is calculated using a finite element model (shown in Fig. 11) . Using the above methods, platform vibration response can be predicted based on the sea ice predictive parameters and research on the interactions between ice and structure, and the sea ice risk can then be evaluated.
According to a statistical analysis of ice acceleration data, the relationship between ice acceleration and ice velocity has been confirmed to be linear under certain ice thickness conditions. Based on the ice-induced vibration monitoring data from 2009 to 2013, Fig. 13 shows the analyzed relationship between the root mean square values of the acceleration of the JZ20-2MUQ platform and nearby ice thickness, and Fig. 14 shows the analyzed relationships between the maximum acceleration and the velocity and ice thickness. Based on the monitoring data, the linear relations between the ice-induced vibrations and the ice thickness and ice velocity were statistically established. The relations can be expressed as
where a is the acceleration (gal) of the structure, α is an undetermined coefficient, i h is the ice thickness (cm), and i v is the ice velocity (cm/s). According to the above statistics, the α for predicting acceleration on the JZ20-2MUQ platform under different ice thickness conditions are given by formula 3-1 and are shown in Table 6 . The monitoring data for Jz20-2MUQ from 2014 to 2015 were used to validate the model. The predicted and measured values of the ice-induced vibrations of the JZ20-2MUQ platform under different ice conditions are shown in Table 7 . Table 7 shows that the predicted results were close to the measured values, with errors of 5.4% to 23.5%. The statistical forecast model can satisfy the demands of engineering applications.
(3) Risk prediction and emergency measures
Based on years of sea ice monitoring data and practical experience, the quantitative indexes for safe production on platforms (e.g., early warning of dangerous time, platform warning suggestions, and icebreaker management) should be proposed for risk prediction and emergency measures to make 24-hour short-term predictions for the platforms. The early warnings for times of danger primarily include weather, ice type and hydrological condition forecasts. As shown in Fig. 15 , the platform warning suggestions intended for potential risk predictions for the platforms include personnel health and facility and structural safety for the next 24 hours. Icebreaker management manages icebreaker dispatches, icebreaking directions and icebreaking ranges. The management of icebreakers is divided into three levels: enhanced monitoring without icebreakers (level I), increased numbers of icebreakers on duty (level II), and breaking the ice a half hour prior to danger (level III).
CONCLUSIONS
In this paper, for the purpose of risk warnings for oil and gas exploitation in the Bohai Sea in winter, an ice-induced vibration risk system for platforms has been established, iceinduced vibration risk grades and early warning standards for platforms have been formulated, and a dynamic evaluation system for sea ice disasters for platform security has been put forward.
Based on the ice-induced vibration failure modes and early warning standards of the platforms, a dynamic monitoring system for ice-resistant platforms has been established. The system can monitor the risk factors synchronously, remotely and in real time using developed mass data transmission and analysis software. After years of application, the system has proven to be stable and durable.
Based on a small-scale numerical simulation and prediction method for sea ice, an ice condition prediction and risk early warning system has been built for the Bohai oil and gas platforms. The sea ice disaster risk early warning system for the oil field and emergency technologies have been applied and incorporated into practical engineering.
Sea ice management for oil and gas platforms guarantees the security of life and property in Bohai and brings large economic and social benefits. The system also significantly offers field-monitoring data for ice-resistant structure designs in cold regions.
